Introduction
============

Acute myeloid leukemia (AML) is a heterogeneous disease of the blood originating in the bone marrow. Although overall survival of childhood AML has increased in the past decade, it still remains poor compared with that of childhood acute lymphoblastic leukemia. Moreover, survival rates in adults are quite poor and remain virtually unchanged over the last decade.^[@bib1]^ The molecular genetics of AML has been extensively studied. AML with normal cytogenetics accounts for \~50% of all AML, and this subtype of AML is notable for recurrent mutations in several genes: NPM1, CEBPA, TET2, IDH, DNMT3A and FLT3. The receptor tyrosine kinase FLT3 is expressed at high levels in almost all AML, and \>30% of AML bears an oncogenic FLT3 mutation.^[@bib2]^ The most common FLT3 mutation is an internal tandem duplication (ITD) of the sequence that encodes the juxtamembrane domain, which portends a poor prognosis. Other mutations include point mutations in the kinase domain.

Wild-type FLT3 requires its ligand FL for activation, whereas oncogenic mutants are constitutively active. The key feature of FLT3 activation is phosphorylation of a number of tyrosine residues in the cytoplasmic domain. Phosphotyrosine residues facilitate association with multiple SH2 domain-containing proteins, including cytosolic tyrosine kinases, ubiquitin ligases, adaptor proteins and phosphatases.^[@bib3]^ Interacting proteins either potentiate receptor signaling by activating multiple pathways, including PI3K-AKT, RAS-RAF-ERK and the p38 pathways, or block receptor signaling by destabilizing the receptor through recruitment of ubiquitin ligases. Oncogenic FLT3 displays equal affinity for the interacting proteins, and thus regulates similar signaling pathways as wild-type FLT3, except for potent activation of STAT5 signaling by FLT3-ITD.^[@bib4]^

Clinically, FLT3-ITD mutations frequently occur in AML with normal karyotype, t (6:9), t (15:17), and trisomy 8.^[@bib5],\ [@bib6]^ The presence of FLT3-ITD does not appear to affect the complete remission rates, but it significantly increases the risk of relapse.^[@bib7]^ Therefore, expression of FLT3-ITD limits disease-free and overall survival.^[@bib8]^ FLT3-ITD mutations occur in frame with duplications of 3--400 base pairs in the juxtamembrane domain, and the length of the ITD correlates with overall survival.^[@bib9]^ Thus, inhibition of FLT3 should be beneficial for patients with AML with constitutively active FLT3 mutants. To date, \>20 small molecule FLT3 inhibitors have been developed, 8 of which have been evaluated in clinical trials.^[@bib10]^ These inhibitors compete with ATP and can efficiently block FLT3 activation as well as downstream signaling. However, none of them has displayed a convincing advancement in AML treatment as a single drug.^[@bib10]^ Responses were mostly limited to transient reductions in peripheral blood blasts, and bone marrow responses were very rare.^[@bib11],\ [@bib12]^ Limited response to the FLT3 inhibitors could be due to several reasons. First, it is possible that FLT3 is efficiently inhibited in cell and animal models by these inhibitors but not in AML in human patients. The use of plasma inhibitory activity assays have addressed this question.^[@bib13]^ It is also possible that inhibition of FLT3 alone is not sufficient to achieve complete remissions. Another possibility is that primary and secondary mutations in FLT3 make the receptor resistant to these inhibitors.^[@bib14]^ Earlier studies suggested that acquired mutations in the second part of the kinase domain resulted in a resistant phenotype.^[@bib15]^ Expression of several survival genes in resistant cells also led to FLT3 inhibitor resistance.^[@bib16]^ Recently, a second-generation FLT3 inhibitor, AC220 (quizartinib), has been used in a phase II clinical trial for patients with relapsed and chemotherapy-refractory AML and induced a composite complete remission rate of 44--54%. Response was much better than that observed with any other prior FLT3 inhibitor. Later studies suggest, however, that this drug also suffers from secondary resistance.^[@bib17]^ Another study suggest that the multi-kinase inhibitor midostaurin prolongs survival when used in combination with chemotherapy.^[@bib18]^ Bone marrow blasts from eight patients with AML treated with quizartinib, who achieved a complete remission and then later relapsed, were studied. All eight were found to have new mutations in the kinase domain of FLT3-ITD.^[@bib19]^ Thus, the discovery of novel drugs targeting FLT3 or FLT3 downstream or parallel pathways will be useful.

The PI3K-mTOR signaling pathway has been studied extensively in human disease. This pathway has key functions in regulating cell growth, survival and metabolism, and is aberrantly activated in a number of malignant or non-malignant diseases. Components of this pathway have become attractive drug targets and several drugs are in pre-clinical studies or in clinical trials.^[@bib20]^ The deregulation of the PI3K/mTOR signaling cascade can be specific to the signaling pathway or a consequence of mutations in other pathways that can activate the PI3K/mTOR pathway aberrantly. For instance activating mutations in FLT3, NRAS, KRAS, KIT, the regulatory subunit of PI3K, or loss-of-function mutations of PTEN, can affect this pathway.^[@bib3],\ [@bib21],\ [@bib22]^ Recently, we have shown that, in addition to mutations in these genes, activation of other downstream kinases, such as SYK and p110, contribute to hematopoietic malignancies by activating the PI3K/mTOR pathway.^[@bib23],\ [@bib24]^ Several PI3K/mTOR inhibitors have been used in the treatment of solid tumors and hematological malignancies. The majority of these inhibitors target mTOR, whereas others target AKT and PI3K.^[@bib20]^ Many of them, however, have displayed limited efficacy due to poor specificity and/or poor solubility or bioavailability. Although the PI3K/mTOR pathway is over-represented in hematopoietic malignancies, and mTORC1 is involved in drug resistance, use of drugs targeting this pathway is still limited in the clinic.^[@bib25]^ A recent study suggests that treatment with a PI3K or AKT inhibitor leads to a differential apoptotic response in 32D cells transfected with FLT3-ITD compared with those expressing FLT3-TKD.^[@bib26]^ Activation of the STAT5 pathway is partially responsible for the differential effects as FLT3-ITD, but not FLT3-TKD, is a potent activator of this pathway.^[@bib4]^

In this study, we propose a novel mechanism of FLT3 inhibitor resistance. Using patient-derived cell lines we show that sustained treatment with sorafenib abrogates FLT3 dependency, even though the inhibitor still effectively blocks FLT3 activation in the resistant cells. Exome sequencing of the resistant cell lines revealed that resistant cell lines acquired novel mutations in different signaling proteins and transcription factors. Gene expression and phospho-specific antibody array experiments revealed an enrichment of the PI3K/mTOR signaling pathway in resistant cells. Furthermore, resistant cells responded to PI3K/mTOR inhibitors in cell lines and in mouse xenograft models of AML.

Results
=======

Sorafenib-resistant MV4-11 and MOLM-13 cell lines display resistance to AC220
-----------------------------------------------------------------------------

To identify alternative resistance mechanisms to FLT3 inhibitors in the treatment of FLT3-ITD-driven AML,^[@bib10]^ we used two patient-derived cell lines, MV4-11 and MOLM-13. MV4-11 cells express only the FLT3-ITD, whereas MOLM-13 cells express wild-type FLT3 and FLT3-ITD. Both cell lines are dependent on FLT3 activity as sorafenib, PKC-412, and AC220, but not imatinib, dasatinib, nilotinib or bosutinib, inhibit cell survival in both cell lines ([Figure 1a](#fig1){ref-type="fig"}). After treatment of these cell lines with sorafenib for 90 days, we observed that both cell lines displayed resistance to sorafenib as well as to AC220 ([Figure 1b](#fig1){ref-type="fig"}) suggesting that sustained treatment with an FLT3 inhibitor results in acquired resistance. To test whether sorafenib was still effective in FLT3 inhibition, we treated sensitive and resistant cells with sorafenib or dimethyl sulfoxide and then stimulated with FLT3 ligand (FL). Although dimethyl sulfoxide-treated cells responded to FL as expected, sorafenib-treated cells displayed poor FLT3 activation ([Figure 1c](#fig1){ref-type="fig"}), suggesting that sorafenib is still capable of inhibiting FLT3 activation in these resistant cells. Surprisingly, we observed that the resistant cells treated with dimethyl sulfoxide had a much more robust response to ligand in terms of FLT3 activation. Similar results were observed with AKT and ERK activation, as sorafenib-treated cells poorly respond to FL stimulation ([Figure 1d](#fig1){ref-type="fig"}). Furthermore, resistant cells treated with sorafenib could still form colonies similar to dimethyl sulfoxide-treated cells ([Figure 1e](#fig1){ref-type="fig"}), indicating that these cells were no longer dependent on FLT3 activity, although sorafenib could partially block FLT3 activity. Although both MV4-11- and MOLM-13-resistant cell lines displayed similar patterns of FLT3 activity and downstream signaling, MV4-11-resistant cells were more sensitive to sorafenib than MOLM-13-resistant cells, suggesting a complex mechanism behind the resistant phenotype. To determine whether secondary mutations occurred in FLT3, we sequenced the whole coding region using Sanger sequencing. Except for a mutation in the extracellular domain, which was present in all four cell lines (sensitive as well as resistant), we were unable to detect any mutations in the inhibitor-binding site (data not shown). Similar to Sanger sequencing, mass-spectrometric analysis of affinity-enriched FLT3 indicated no differences in FLT3 among the sensitive versus resistant cells in the intracellular part of FLT3 ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). Because we observed an unexpected activation of FLT3 in resistant cells stimulated with FL ([Figure 1c](#fig1){ref-type="fig"}), we hypothesized that certain FLT3 residues remain hyper-tyrosine phosphorylated. To test our hypothesis, we used phospho-specific antibodies against known FLT3 residues. Although we observed an increase in total FLT3 phosphorylation, we were unable to identify a single site that was selectively hyper-phosphorylated. Instead, all sites remained slightly more phosphorylated ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) compared with control cells. Therefore, we suggest that sustained treatment with a FLT3 inhibitor abolished FLT3 dependency of cells for survival without the occurrence of any additional secondary mutations in FLT3.

Resistant cells carry novel mutations compared with sensitive cells
-------------------------------------------------------------------

As we were unable to identify any secondary mutation in the inhibitor-binding site of FLT3, we hypothesized that acquired resistance could be due to mutations in genes encoding parallel signaling proteins, leading to hyperactivation of the PI3K/mTOR pathway. Therefore, we sequenced the whole coding region of all genes using a next-generation sequencing approach. FLT3 inhibitor-sensitive and -resistant MV4-11 and MOLM-13 cells were sequenced with an average of a 60-fold coverage and \>92% of bases were covered with at least 10 reads. We observed a similar mutational burden in sensitive as well as in resistant cell lines ([Figure 2a](#fig2){ref-type="fig"}). In previously reported next-generation sequencing of primary AML samples, recurrent mutations in \>20 different genes were demonstrated.^[@bib27]^ In this subset of genes, we observed mutations in TP53 (P72R), TET2 (V218M and I1762V) and FLT3 (T227M) in all four cell lines ([Figure 2b](#fig2){ref-type="fig"}). The FLT3-D835Y mutation was identified in only the MOLM-13-resistant cell line with an allele depth of 67:37, suggesting that the FLT3-D835Y mutation is subclonal, explaining the fact that Sanger sequencing was unable to identify this mutation in FLT3. Probably the FLT3-D835Y mutation also partially contributed to the stronger resistant phenotype observed in MOLM-13 cells ([Figures 1b--e](#fig1){ref-type="fig"}) as FLT3-D835Y can render drug resistance. We also observed many novel mutational events in the resistant cell lines compared with the sensitive cells. In MV4-11-resistant cells 52 novel indels ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}) and 336 novel point mutations (other than synonymous mutations) ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) were identified in 50 and 240 genes, respectively. Similar to resistant MV4-11 cells, MOLM-13-resistant cells carried 44 novel indels ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) in 42 genes and 279 novel point mutations ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}) in 192 genes. Novel mutations in 73 genes were common in both resistant cell lines ([Figure 2c](#fig2){ref-type="fig"}). According to TCGA data and the Cosmic database, 51 out of 73 genes were found to be mutated in at least one patient. Mutations occurred in several transcriptional regulators, such as E2F4, NOTCH2, ATF5, MKL1, MESP2, MEF2A, MLL3, SPEN, TSHZ1, ZNF587, ZNF717 and KRTAP1-1, and cell surface receptor signaling proteins, such as GPR153, GAB2, NOTCH2, MESP2, NPVF, OR8U1, SPEN and TAS2R43. Furthermore, we observed novel mutations in PIK3C2G (MOLM-13 sorafenib-resistant cells, [Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and mTOR (MV4-11 sorafenib-resistant cells, [Supplementary Table S4](#sup1){ref-type="supplementary-material"}) genes in each set of cell lines. The frame-shift mutation observed in the regulatory domain of PI3K has not been reported before. Although several activating mTOR mutations have been described, MV4-11 cells carry E2536A and this mutation has not been previously reported.^[@bib28],\ [@bib29]^ Although the finding of mutations in genes involved in the PI3K/mTOR pathway is intriguing, follow-up studies will be needed to determine whether these or the other mutations identified actually contribute to drug resistance.

PI3K/mTOR pathways are upregulated in resistant cell lines
----------------------------------------------------------

We next attempted to identify gene expression profiles of resistant cell lines. We analyzed mRNA expression of all cell lines using Illumina HumanHT-12 v4 Expression BeadChips that provides coverage of \>47 000 transcripts. We observed that a group of genes responsible for cell survival and proliferation were upregulated in resistant cells, whereas expression of pro-apoptotic genes was downregulated ([Figure 3a](#fig3){ref-type="fig"}). To enable prioritization of candidate genes, we analyzed the expression data using ANOVA ([Figure 3b](#fig3){ref-type="fig"}) and significance analysis of microarrays ([Figure 3c](#fig3){ref-type="fig"}). This analysis further showed that genes previously known to be associated with cell proliferation or cell cycle progression, such as TESC,^[@bib30]^ FAM46A,^[@bib31]^ NFE2^[@bib32]^ and MS4A3^[@bib33]^ were significantly upregulated. Because gene expression is regulated by sustained expression of signaling cascades, we examined the enrichment of signaling pathways in resistant cell lines. We observed an enrichment of the mTOR and AKT pathways in both MOLM-13- ([Figure 3d](#fig3){ref-type="fig"}) and MV4-11- ([Figure 3e](#fig3){ref-type="fig"}) resistant cell lines. In addition to pathway enrichment, using a phospho-protein antibody array, we showed that the phosphorylation of the mTOR substrates S6K and AKT were selectively increased in resistant cells ([Figure 3f](#fig3){ref-type="fig"}). We also observed an increase in STAT3 phosphorylation. Elevated STAT3 phosphorylation was probably due to the previously described upregulation of JAK3 expression in sorafenib-resistant AML.^[@bib34]^ Thus, we suggest that the activation of the PI3K/mTOR pathway leads to aberrant expression of survival proteins that further contributes resistance to multiple FLT3 inhibitors in MV4-11- and MOLM-13-resistant cell lines.

PI3K/mTOR inhibitors are equally effective in inhibiting growth of sensitive and resistant cell lines
-----------------------------------------------------------------------------------------------------

Because we observed that the PI3K/mTOR pathway is upregulated in resistant cells, we treated cells with three PI3K/mTOR inhibitors: gedatolisib (also known as PF 05212384 or PKI-587),^[@bib35]^ PI 103^[@bib36]^ and WYE 687.^[@bib37]^ Although all three inhibitors could inhibit cell viability, gedatolisib, a dual PI3K/mTOR inhibitor that has been studied in solid tumors,^[@bib35],\ [@bib38]^ was the most potent inhibitor (IC~50~ 23 n[M]{.smallcaps}) in the resistant cell lines ([Figure 4a](#fig4){ref-type="fig"}). In addition, we observed that addition of 5 or 10 n[M]{.smallcaps} sorafenib in combination with gedatolisib potentiated inhibition of the growth of sorafenib-sensitive cells, but it did not potentiate the effect of gedatolisib on sorafenib-resistant cells ([Figure 4b](#fig4){ref-type="fig"}). We also observed enrichment of an mTOR signature in primary blasts from eight samples from patients with sorafenib-resistant AML (GSE35907) ([Figure 4c](#fig4){ref-type="fig"}) and in primary patients AML blasts expressing an FLT3-ITD compared with those lacking the FLT3-ITD (525 AML samples, GSE14468) ([Figure 4d](#fig4){ref-type="fig"}). Taken together, these data suggest that aberrant activation of the PI3K/mTOR pathway can lead to acquired resistance to sorafenib in AML cells.

Gedatolisib is a specific PI3K/mTOR inhibitor in AML
----------------------------------------------------

Gedatolisib has been shown to be a highly selective inhibitor of PI3K/mTOR.^[@bib35]^ The inhibitor has been used in cell models, animal models and clinical trials for solid tumors.^[@bib38],\ [@bib39],\ [@bib40]^ To test the specificity of gedatolisib in our cell line model, we ran a phospho-specific antibody array. Treatment of cells with a higher concentration of gedatolisib did not alter the phosphorylation of other signaling proteins, except for AKT and S6K ([Figure 5a](#fig5){ref-type="fig"}). The array data were further verified with western blotting using phospho-specific antibodies against AKT, ERK1/2, p38 and S6K ([Figure 5b](#fig5){ref-type="fig"}). These results suggest that gedatolisib efficiently blocks the downstream effectors PI3K/mTOR without affecting other signaling pathways. Thus, we suggest that gedatolisib is a specific PI3K/mTOR inhibitor in AML that can be used to block cell growth.

Gedatolisib inhibits colony formation, cell proliferation and induces apoptosis
-------------------------------------------------------------------------------

To assess the biological outcomes of gedatolisib treatment, we performed several biological assays including colony formation, cell proliferation and apoptosis studies. Dose-dependent impairment of colony formation suggested that the inhibitor efficiently reduced the number of colonies as well as size of colonies in both MOLM-13- ([Figure 6a](#fig6){ref-type="fig"}) and MV4-11- ([Figure 6b](#fig6){ref-type="fig"}) resistant cell lines. Furthermore, increasing concentrations of the inhibitor gradually reduced Edu incorporation indicating that the gedatolisib was capable of reducing cell proliferation ([Figure 6c](#fig6){ref-type="fig"}). The compound also induced apoptosis in the same cell lines ([Figure 6d](#fig6){ref-type="fig"}).

Gedatolisib delays tumor formation in mouse xenograft
-----------------------------------------------------

To test whether gedatolisib is also effective in animal models, we developed mouse AML xenograft models by injecting MV4-11- and MOLM-13-resistant cells subcutaneously. Mice were treated with 12.5 mg/kg of gedatolisib or vehicle for 25 days. As expected, the tumors of vehicle-treated animals grew rapidly. In sharp contrast, tumors developed with a significant delay in mice treated with gedatolisib ([Figures 7a and b](#fig7){ref-type="fig"}). Furthermore, gedatolisib treatment significantly reduced tumor weight in both cell lines ([Figures 7c--e](#fig7){ref-type="fig"}).

Gedatolisib significantly extended survival of mice in a sorafenib-resistant patient-derived xenograft model
------------------------------------------------------------------------------------------------------------

To further address the efficacy of gedatolisib in FLT3 inhibitor-resistant AML *in vivo*, we generated a patient-derived xenograft model using an AML sample from a patient with sorafenib-resistant AML. A methylcellulose colony-formation assay demonstrated that gedatolosib effectively reduced colony-formation potential of primary AML cells, and the addition of sorafenib did not significantly increase the inhibitory potential ([Figure 8a](#fig8){ref-type="fig"}). Mice treated with gedatolosib displayed a lower number of circulating CD45-positive cells compared with vehicle-treated mice ([Figure 8b](#fig8){ref-type="fig"}). Furthermore, gedatolosib significantly extended survival of mice engrafted with sorafenib-resistant AML patient cells ([Figure 8c](#fig8){ref-type="fig"}).

Discussion
==========

Despite ongoing progress in understanding the biological mechanisms of the pathogenesis of AML, patients still suffer from poor outcomes with current therapies. Second-generation FLT3 inhibitors have displayed promising results in some clinical trials. However, development of drug resistance has become a major challenge in targeting this oncogene. In this report, we have shown that aberrant activation of the PI3K/mTOR pathway leads to FLT3 inhibitor resistance in AML, and that a dual PI3K/mTOR pathway inhibitor effectively blocks the growth of these resistant cells *in vitro* and *in vivo*.

Several mechanisms have been described to explain secondary resistance in FLT3-ITD-mutated AML. FLT3-ITD-positive patients harboring D835Y or F961L mutations frequently show reduced response to FLT3 inhibitors.^[@bib19],\ [@bib41]^ Moreover, aberrant activation of parallel signaling pathways, such as STAT5 and MAPK, can lead to FLT3 inhibitor resistance even though FLT3 inhibition is maintained.^[@bib11]^ Our results suggest another mechanism of acquired resistance to sorafenib: activation of the PI3K/mTOR pathway. Hyper-activation of the PI3K/mTOR pathway is known to be involved in leukemia and drug resistance.^[@bib25]^ The gene expression data suggested an enrichment of the PI3K/mTOR pathway in the resistant cell lines, as well as in primary patient AML blasts, which are resistant to sorafenib therapy. These data were further supported by the phospho-specific-antibody array profiling where we observed that AKT and S6K were selectively activated. Furthermore, an mTOR inhibitor, rapamycin, did not display a growth inhibitory effect (data not shown) suggesting that resistance cells have an upregulation of PI3K/mTOR signaling. The PI3K/mTOR pathway can be activated through several different mechanisms. Amplification or mutations in upstream receptors or signaling proteins frequently activate downstream signaling cascades. With next-generation sequencing we observed novel, non-recurrent mutations in mTOR and PIK3C2G in sorafenib-resistant cell lines and also many overlapping mutations in both cell lines, which might be involved in aberrant activation of the PI3K/mTOR pathway. Consequently, it would be of interest to identify a direct link between the mutations observed in resistant cells and hyperactivation of the PI3K/mTOR pathway. In addition to the alternative pathways, FLT3-D835Y mutation in MOLM-13 cells also contributed a resistant phenotype that was stronger than in the corresponding MV4-11 cells. As FLT3-D835Y occurred only in a small portion of the cells, Sanger sequencing was unable to identify the mutation.

Dual PI3K/mTOR inhibition has been shown to be effective in MLL-rearranged AML cell lines.^[@bib42]^ In our study, both FLT3 inhibitor-sensitive and resistant human AML cell lines responded to the potent PI3K/mTOR inhibitor gedatolisib.^[@bib35]^ This is not unexpected because patients carrying FLT3-ITD display upregulation of the PI3K/mTOR signaling pathway. The PI3K/mTOR inhibitor gedatolisib displayed selective target specificity, even at very high concentrations, suggesting that the drug should have few off-target effects. Nano-molar concentrations of the drug induced apoptosis, blocked cell proliferation, abolished colony formation in AML cell lines, delayed tumor formation in a xenograft model, and extended survival in a patient-derived xenograft model, supporting its activity in AML.

In conclusion, we propose an alternative mechanism of FLT3-drug resistance. We show that resistant cells lose FLT3 dependency even though FLT3 remains responsive to the inhibitor. Furthermore, resistant cells display hyperactivation of the PI3K/mTOR pathway and a highly selective inhibitor against this pathway can efficiently block colony formation, decrease cell proliferation, induce apoptosis and block tumor growth *in vivo*.

Materials and methods
=====================

Patient\'s data
---------------

Patient sample data were collected from two previously published studies. In GSE35907 data set, four AML patient samples carrying FLT3-ITD mutations were treated with sorafenib, and samples were collected before treatment and after developing resistance to the sorafenib.^[@bib34]^ The data set GSE14468 was generated from a cohort of 598 newly dioagonosed AML patients.^[@bib43]^

Cell culture
------------

The human AML cell lines, MV4-11 and MOLM-13 (obtained from DSMZ), were maintained in RPMI-1640 medium (Hyclone, South Logan, Utah) supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Waltham, MA, USA, Australian origin), 100 μg/ml streptomycin and 100 units/ml penicillin. The murine hematopoietic cell line Ba/F3 and the myeloid cell line 32D were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated fetal bovine serum, 10 ng/ml murine interleukin 3, 100 μg/ml streptomycin and 100 units/ml penicillin. Cells were grown at 37 °C in a humidified atmosphere containing 5% CO~2~. All cells were routinely checked for mycoplasma contamination.

Generation of resistant cell lines
----------------------------------

Initially, MV4-11 and MOLM-13 cell lines were treated with sorafenib starting at 1 n[M]{.smallcaps} concentration. Complete growth medium with sorafenib was changed twice a week. The concentration of sorafenib was increased to 50 n[M]{.smallcaps} within 90 days.

Antibodies and inhibitors
-------------------------

Anti-FLT3 and anti-phospho-specific FLT3 antibodies were described previously.^[@bib44]^ Additional antibodies include: anti-phosphotyrosine 4G10 (Millipore, Darmstadt, Germany), anti-phospho AKT (Epitomics, Burlingame, CA, USA), anti-phospho ERK (Santa-Cruz Biotechnology Inc., Dallas, TX, USA), anti-phospho S6K and anti-S6K (Abcam, Cambridge, UK), anti-phospho p38 and anti-p38 (BD biosciences, Sparks, MD, USA) and anti-tubulin and anti-β-actin (Sigma-Aldrich, St Louis, MO, USA). Inhibitors were obtained from TOCRIS chemical (Bristol, UK) and the human phospho-array was from R&D systems (Abingdon, UK).

Immunoprecipitation and western blotting
----------------------------------------

After ligand-stimulation and/or inhibitor treatment, cells were washed once with cold phosphate-buffered saline. Cells were then lysed using Triton X-100-based lysis buffer. Cell lysates were mixed with dithiothreitol and sodium dodecyl sulfate polyacrylamide gel electrophoresis containing loading buffer in a 1:1 ratio and boiled before analysis by sodium dodecyl sulfate polyacrylamide gel electrophoresis. For immunoprecipitation, cell lysates were mixed with specific primary antibodies for 1 h on ice followed by protein-A based purification and sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis.

Cell viability
--------------

PrestoBlue cell viability assay (Molecular Probes, Eugene, OR, USA) was used to measure cell viability. Ten thousand cells were seeded per well in 96-well plates in 90 μl medium with or without drugs. Cells were incubated for 46 h. Then 10 μl of PrestoBlue was added to each well. Cells were further incubated for 2 h. Changes of color of PrestoBlue were measured by determining absorbance at 570 and 600 nm. Relative cell viability was calculated as per the manufacturer\'s instructions.

Apoptosis
---------

Apoptosis was measured using an annexin V and 7-aminoactinomycin D kit (BD biosciences). Cells positive for annexin V or both annexin V and 7-aminoactinomycin D were counted as apoptotic cells.

Cell proliferation
------------------

Click-iT Edu Alexa Fluor 647 kit was used to measure cell proliferation. Cells were seeded in a 24-well plate with different concentrations of inhibitors and incubated for 46 h. Edu was added to each well and incubated for 2 h before processing cells for staining using the manufacturer\'s protocols. Cells were then analyzed by flow cytometry.

Colony-formation assay
----------------------

Approximately 100 cells were seeded in semisolid methylcellulose medium (Stemcell Technologies, Vancouver, BC, Canada) with different concentrations of inhibitors. Cells were cultured for 7 days before counting colonies.

Exome sequencing
----------------

Total genomic DNA was extracted from cell lines using a DNeasy Blood and Tissue kits (Qiagen, Copenhagen, Denmark). The Human All Exon enrichment (Agilent SureSelectXT) library was used to read 100 bp paired end sequencing on a Genome Sequencer Illumina HiSeq2500. Sequence reads are mapped to the reference sequence (human, hg19, GRCh37) using Burrows-Wheeler Aligner with the default parameters. The SNP and InDel calling is done using Genome Analysis Toolkit\'s Unified Genotyper, which use Bayesian genotype likelihood model to estimate simultaneously the most likely genotypes and allele frequency in a population of *N* samples.

Mass spectrometric analysis of FLT3
-----------------------------------

Immunoprecipitated FLT3 was separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, reduced and alkylated before separate in-gel digestions using trypsin and LysC, respectively. The digests were separated by nano-LC (Eksigent) and analyzed online by liquid chromatography--mass-spectrometry (LC-MS)/MS on an Orbitrap XL ETD. MS/MS spectra were matched against the human part of Swissprot as of 2013-02, extended with an equal size reverse sequence database using Mascot v 2.4.1([www.matrixscience.com](http://www.matrixscience.com)). For MS/MS matching a precursor tolerance of 7 ppm and a fragment tolerance of 0.5 Da were used. A label-free quantification workflow^[@bib45]^ was used for FLT3 sequence coverage comparisons, and peptides, which were detected in at least one file with a false discovery rate below 1% as determined in the Proteios Software Environment,^[@bib46]^ were included in the comparison.

Mouse xenograft model
---------------------

NOD/SCID mice were injected with 200 000 cells subcutaneously and treated, from the subsequent day after injection, with twice weekly intravenous 12 mg/kg gedatolisib or vehicle (5% (278 m[M]{.smallcaps}) dextrose in water, 0.3% lactic acid pH 3.5) for 25 days. Experiment was performed following Swedish animal authority approved protocols.

Microarray analysis
-------------------

Total RNA was extracted from cells using RNeasy mini kit (Qiagen). Illumina bead array technology was used to analyze mRNA expression using Illumina HumanHT-12 v4 Expression BeadChip. Gene expression was compared using significant microarray analysis tools and gene set enrichment analysis.

Patient-derived xenograft model
-------------------------------

Blasts from a sorafenib-resistant patient with AML were collected from bone marrow aspirates after obtaining patient informed consent under a Dana-Farber Cancer Institute Internal Review Board-approved protocol. Mononuclear cells were isolated using Ficoll-Paque Plus (Amersham Biosciences, Little Chalfont, UK) and red blood cells were lysed before tail-vein injection into 250 cGy-irradiated NSG (Nod Scid Gamma) mice. After disease burden, human AML blasts were harvested and reinjected into secondary NSG recipients (1.5 × 10^6^ cells per mouse) separated into two groups treated twice a week by tail-vein injection with 100 μl vehicle (5% dextrose in water, 0.3% lactic acid pH 3.5), or gedatolisib (12 mg/kg). Treatment started 3 weeks after cell injection. Disease burden was monitored by evaluation of circulating human CD45+ AML cells in peripheral blood using flow cytometry.

Colony-formation assay for primary AML cells
--------------------------------------------

Colony--plating assays were performed in methylcellulose-based medium MethoCult GF M3434 (StemCell Technologies). In total, 1 × 10^4^ sorafenib-resistant primary cells were plated in triplicate, treated with either 1 or 10 n[M]{.smallcaps} sorafenib in combination with 50 n[M]{.smallcaps} gedatolisib, and scored for colony formation 14 days later.

Statistical analysis
--------------------

GraphPad Prism was used for statistical analysis. Data were shown as mean value and error bar represents s.e.m. All tests were two-sided.
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![Sorafenib-resistant MV4-11 and MOLM-13 cell lines display resistance to multiple FLT3 inhibitors. (**a**) MOLM-13 and MV4-11 cell lines were treated with an increasing concentration (from 0 to 1000 n[M]{.smallcaps}) of multiple tyrosine kinase inhibitors. Cells were cultured with inhibitors for 46 h followed by PrestoBlue viability analysis. (**b**) Sorafenib-sensitive and -resistant cell lines were treated with increasing concentrations of AC220 and sorafenib for 46 h before processing for PrestoBlue viability assays. (**c**) Sorafenib-sensitive and -resistant MOLM-13 and MV4-11 cells were serum-starved for 4 h in the presence or absence of 100 n[M]{.smallcaps} sorafenib before 100 ng/ml FL stimulation for 5 min. Cells were then lysed and immunoprecipitated with an anti-FLT3 antibody. The 4G10 (anti-phospho-tyrosine) and anti-FLT3 antibodies were used to probe the blots. (**d**) Cell lysates from the experiment described in **c** were resolved by SDS--PAGE and analyzed by western blotting using anti-phospho AKT, anti-phospho ERK and anti-Tubulin antibodies. (**e**) MOLM-13 and MV4-11 cells were seeded with or without 100 n[M]{.smallcaps} sorafenib in semisolid medium and cultured for 7 days.](onc201641f1){#fig1}

![Sorafenib-resistant cell lines carry novel mutations. Genomic DNA from FLT3 inhibitor-sensitive and resistant MV4-11 and MOLM-13 cell lines was extracted using standard protocols. DNA was processed for exome sequencing. (**a**) Comparison of total SNVs per mega bases DNA. (**b**) Known mutations identified in different cell lines. Color code indicates observed allele depth. (**c**) Indels and point mutations were identified by comparing the generated sequence with that from the human reference genome. Genes with novel (not present in sorafenib-sensitive cells) indels and point mutations in both sorafenib-resistant MOLM-13 and MV4-11 cells are reported.](onc201641f2){#fig2}

![Gene expression profiling suggests an enrichment of the PI3K/mTOR pathways in sorafenib-resistant cells. (**a**) Heatmap of upregulated and downregulated genes in sorafenib-sensitive versus -resistant cells. (**b**) Upregulated and downregulated genes in sorafenib-resistant cells compared with sensitive cells. (**c**) Significantly upregulated and downregulated genes in resistant cells. ANOVA was used to measure the significance. \*\*\**P*\<0.001; \*\**P*\<0.01; \**P*\<0.05 and ns, *P*\>0.05. (**d**, **e**) GSEA was performed using MOLM-13-sensitive cells and resistant cells. GSEA was applied to compare pathways significantly enriched between sorafenib-sensitive and -resistant MOLM-13 (**d**) and MV4-11 (**e**) cells. (**f**) Sorafenib-sensitive and -resistant MOLM-13 cells were serum-starved 4 h before lysis. Lysates were the processed for phospho-specific protein array using manufacturer\'s protocol. Spots intensities were measured using ImageJ. \*\*\**P*\<0.001. Total phosphorylation was normalized against a loading control.](onc201641f3){#fig3}

![PI3K/mTOR inhibitor effectively reduces cell viability. (**a**) Sorafenib-sensitive and -resistant MOLM-13 cells were treated with different concentrations of inhibitors for 46 h. Cell viability was measured using PrestoBlue cell viability assay. IC~50~ was calculated using GraphPad prism 5.0. (**b**) Sorafenib-sensitive and -resistant MOLM-13 and MV4-11 cells were treated with 5 or 10 n[M]{.smallcaps} sorafenib along with increasing concentrations of gedatolisib. Ba/F3 and 32D cells were used as control. (**c**) GSEA was performed using gene expression data from AML patient samples carrying a FLT3-ITD mutation before and after sorafenib treatment. The data set GSE35907 was used for analysis. (**d**) GSEA was performed using gene expression data from AML patient samples carrying FLT3-ITD mutations or not. The data set GSE14468 was used for analysis.](onc201641f4){#fig4}

![Gedatolisib is a selective PI3K/mTOR inhibitor in AML cell lines. (**a**) Sorafenib-resistant MOLM-13 cells were serum-starved and treated with 0, 100 and 1000 n[M]{.smallcaps} gedatolisib for 4 h before lysis. Lysates were then processed for phospho-specific protein array using the manufacturer\'s protocol. Spot intensities were measured using ImageJ. Total phosphorylation was normalized against a loading control. (**b**) Sorafenib-resistant MV4-11 and MOLM-13 cells were serum-starved and treated with increasing concentration of gedatolisib before lysis. Lysates were then analyzed by western blotting using anti-phospho-specific antibodies. ANOVA was used to measure the significance. \*\**P*\<0.01; \**P*\<0.05 and ns, *P*\>0.05.](onc201641f5){#fig5}

![Gedatolisib reduces colony-formation potential, cell proliferation and induces apoptosis. (**a**, **b**) Sorafenib-resistant MOLM-13 (**a**) and MV4-11 (**b**) cells were seeded in semisolid medium containing increasing concentration of gedatolisib. Colonies were counted after 7 days of seeding. (**c**) Sorafenib-resistant cells were seeded with an increasing concentration of inhibitor and incubated for 46 h followed by 2 h of Edu incubation. Cells were then fixed and processed for proliferation assays. (**d**) Sorafenib-resistant cells were seeded with an increasing concentration of inhibitor and incubated for 48 h followed by annexin V and 7-AAD apoptosis assays.](onc201641f6){#fig6}

![Gedatolisib delays tumor formation in xenograft mice: mice xenografts (five mice in a group) with sorafenib-resistant MOLM-13 (**a**) or MV4-11 (**b**) cells, were treated with gedatolisib or vehicle. Tumor volume was measured at different time points. (**c**--**e**) Tumor weight was measured after dissecting tumor from the inhibitor or vehicle-treated mice.](onc201641f7){#fig7}

![Gedatolisib increases survival of mice in a sorafenib-resistant PDX model. (**a**) Colony-forming units assay from sorafenib-resistant primary AML cells treated with either 1 or 10 n[M]{.smallcaps} sorafenib in combination with 50 n[M]{.smallcaps} gedatolisib. Results represent the average of triplicate assays. Error bars represent mean±s.e.m. (**b**) Proportion of circulating human CD45-positive AML cells in peripheral blood from four mice per group 58 days post injection. *P*-value calculated using Mann--Whitney test. Error bars represent mean±s.e.m. (**c**) Kaplan--Meier curves showing overall survival of mice (*n*=7 for each group) transplanted with sorafenib-resistant primary cells harvested from a sorafenib-treated patient with AML. Statistical significance determined by log-rank (Mantel--Cox) test. \**P*-value⩽0.05 by comparison with vehicle-treated group.](onc201641f8){#fig8}
